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PtBi2 with a layered trigonal crystal structure was recently reported to exhibit an unconventional large linear
magnetoresistance, while the mechanism involved is still elusive. Using high resolution angle-resolved photoe-
mission spectroscopy, we present a systematic study on its bulk and surface electronic structure. Through careful
comparison with first-principle calculations, our experiment distinguishes the low-lying bulk bands from entan-
gled surface states, allowing the estimation of the real stoichiometry of samples. We find significant electron
doping in PtBi2, implying a substantial Bi deficiency induced disorder therein. We discover a Dirac-cone-like
surface state on the boundary of the Brillouin zone, which is identified as an accidental Dirac band without
topological protection. Our findings exclude quantum-limit-induced linear band dispersion as the cause of the
unconventional large linear magnetoresistance.
PACS numbers: 74.25.Jb, 74.70.-b, 79.60.-i, 71.20.-b
I. INTRODUCTION
Ordinary magnetoresistance (MR), usually a weak effect of
only a few percent change of the electrical resistance in re-
sponse to an applied magnetic field, is a common property of
nonmagnetic materials. It is quadratic in the external mag-
netic field B at low fields, then saturates at high fields. Re-
cently, with the discovery of the anomalous large MR ef-
fects in graphene, topological insulators, Dirac semimetals
and some other materials [1–6], there has been increased in-
terest in searching for more materials with a large MR effect
due to its potential applications [7, 8]. Several scenarios have
been proposed to explain the large MR. For example, a linear
MR has been suggested to be closely linked with the quan-
tum limit induced by Dirac-like band dispersion, disorders in
materials while disorders with high mobility or hole-electron
compensation usually contribute to the large MR [9–13].
Recently, PtBi2 with a layered trigonal crystal structure
was reported to exhibit a large linear MR up to 682% under
B = 15 T at T = 2 K [14]. Further transport measurements re-
veal that the slope of the MR scales well with the Hall mobil-
ity, implying that its giant linear MR might be dominated by
disorder but is unlikely to be accounted for the linear energy
dispersion induced by the quantum limit as in topological in-
sulators, graphene and Dirac semimetals [1–4]. Nevertheless,
∗Electronic address: dwshen@mail.sim.ac.cn
considering the complexity of MR effect, transport measure-
ments can not completely rule out other band structure factors
that may contribute to the anomalous MR behavior of PtBi2.
Thus a comprehensive understanding of the electronic struc-
ture of PtBi2 is a prerequisite to ascertaining the origin of the
anomalous transport properties [4, 13].
In this article, we report a comprehensive picture of the
low-lying surface and bulk electronic structure of the trigonal
PtBi2, which is achieved by combining angle-resolved pho-
toemission spectroscopy (ARPES) measurements with sur-
face and bulk band structure calculations. We identify the
entangled bulk and surface states, enabling us to estimate the
real stoichiometry of PtBi2 and resolve a Dirac-cone-like sur-
face state on the boundary of the Brillouin zone (BZ) through
careful comparison with calculations. We discover significant
electron self-doping in this material, indicative of a substan-
tial Bi deficiency, which is consistent with our electron probe
X-ray microanalysis (EPMA) measurements. We associate
the accidental surface Dirac cone band with the symmetry re-
quirement at the M(L) point of the BZ, which is not protected
topologically and would not contribute much to the anoma-
lously large linear MR. Our findings provide evidence that the
classical disorder model accounts for the unconventional large
linear MR [12, 24].
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FIG. 1: (Color online) (a) Sketch of the trigonal structure. Red
spheres represent Pt atoms and green spheres represent Bi atoms.
The symmetric center is represented by the yellow point. The blue
dashed line represents the cleaved plane between the two Bi layers.
(b) X-ray diffraction pattern of PtBi2 single crystal with a series of
(00n) peaks. (c) The three-dimension Brillouin zone of PtBi2. (d)
The valence band structure around the A point along the L-A-L direc-
tion and corresponding angle-integrated energy distribution curves
(EDCs).
II. EXPERIMENTAL
High-quality single crystals of layered trigonal PtBi2 were
synthesized by a self-flux method as described elsewhere [14].
Powder X-ray diffraction (XRD) was performed with a
BRUKER/AXS D8 Advance X-ray Diffractometer using Cu
Kα radiation from 10◦ to 80◦ with a step of 0.02◦, and the sam-
ple composition was measured by an electron-probe micro-
analysis (Shimadzu, EPMA-1720) at room temperature. The
ARPES measurements were performed with photons from
both the APE beamline of Elettra Synchrotron Trieste and
the I05 beamline of Diamond light source. The beamlines
are equipped with VG-Scienta DA30 and R4000 electron
analyzers, respectively. The overall energy resolution was
10∼15 meV depending on the photon energy, and the angular
resolution was 0.3◦. The samples were cleaved in situ under a
vacuum better than 5 ×10−11 Torr and measured at 10 K.
Our first principles calculation is performed using the
VASP (Vienna ab initio simulation package) code [16, 17].
The results are obtained by using the generalized gradient
approximation (GGA) Perdew-Becke-Erzenhof (PBE) [18]
function. An energy cutoff of 400 eV was adopted for the
plane-wave expansion of the electronic wave function and the
energy convergence criteria was set to 10−5 eV. Appropriate k-
point meshes of (11×11×1) and (100×100×1) were used for
self-consistent and Fermi surface calculations, respectively.
The spin-orbit coupling was taken into account by the sec-
ond variation method [19]. To simulate the (001) surface of
PtBi2, we built a slab model composed of nine unit cells, in
which both of the top and bottom surfaces are terminated by
Bi atoms. A vacuum spacing of 20 Å was used so that the
interaction in the non-periodic directions could be neglected.
The experimental lattice parameters were used [15]. We pro-
jected the band structure and Fermi surface to the first unit
cell to get the surface electronic structure which fits the exper-
imental band structure very well.
III. RESULTS AND DISCUSSIONS
The sketch of the crystal structure of PtBi2 (P3) is displayed
in Fig. 1 (a) with lattice parameters: a=b=6.57 Å and c=6.16
Å [15]. The structure is centrosymmetric with an inversion
centre at the midpoint of the shortest Bi-Bi bond in the prim-
itive cell. Along the c axis, this bismuthide consists of alter-
native layers of Pt-Bi and Bi-Bi bonds, forming two possible
cleavage planes. However, the bond length of Pt-Bi bonds is
shorter than that of the Bi-Bi bonds, indicating higher bond
energy in the Pt-Bi bonds. Therefore samples are most eas-
ily to be cleaved between the two Bi layers [marked by the
blue dashed line in Fig. 1(a)]. Later we will show that the sur-
face states probed by our photoemission experiments are more
in line with the first-principles band structure slab calculation
for the Bi-Bi plane, which further confirms the above judge-
ment. The reduced BZ corresponding to this crystal structure
is shown in Fig. 1(c).
In Fig. 1(b), the X-ray diffraction (XRD) pattern of a typ-
ical PtBi2 crystal only displays a series of (00n) peaks with-
out any trace of secondary phases. Preliminary photoemission
measurements reveal a clear valence band dispersion of PtBi2
[Fig. 1(d)], confirming the high quality and good cleavage sur-
face of our sample. Comparing with density functional theory
(DFT) calculations, we can identify features between −5 eV
and −3 eV as mainly contributed by the Pt 5d states, while
the spectral weight near EF is dominated by the Bi 6p states.
However, we note that the intensity analysis of EPMA gives
the actual composition of Pt : Bi=1 : 1.838, well off the nom-
inal stoichiometry, implying a substantial bismuth deficiency
in this sample.
Next we choose 64 eV photons to probe the low-lying band
structure of PtBi2 in the A-L-H kz plane assuming an inner
potential of 15 eV as discussed below. Fig. 2(a) shows the
photoemission intensity map taken with the circularly polar-
ized photons by integrating photoemission intensities over a
[−5meV, +5meV] window around EF . In accord with the
crystal structure, the resulting Fermi surface map shows a
hexagonal configuration. Combined with the high-symmetry-
direction photoemission intensity plots [Figs. 2(b) and 2(c),
along the A-L and A-H directions, respectively], two bands
assigned as α and β which cross EF along the A-L direction
can be resolved. However, along the A-H direction, while the
band α crosses EF forming a large electron-like Fermi pocket
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FIG. 2: (Color online) (a) Photoemission intensity map integrated over [EF − 5meV, EF + 5meV]. The hexagon is the BZ. (b), (c) The
photoemission intensity plots along the L-A-L and H-A-H directions, respectively. Data were taken at 10K with circularly polarized photons
of hν = 64 eV.
around the A point, the β band only shows a hole-like feature
with the band top at around -60 meV. In addition, around the
L point of the BZ there exists a Dirac-like band dispersion (as-
signed as ss1), the upper part of which forms a small electron
pocket on the boundary of the BZ.
The photon energy in our experiments ranges from 64 eV to
120 eV. Based on the universal mean-free-path curve for elec-
tron inelastic scattering in solids [20], the electron escape path
is estimated to be about 5 Å, corresponding to the first one or
two layers in PtBi2. Consequently, surface states are likely to
be prominent in our photoemission experiment. To disentan-
gle the complexity of the mixed bulk and surface states in the
vicinity of EF , we conducted detailed DFT band calculations
for bulk and both the Pt-Bi and Bi-Bi cleavage planes. After
careful comparison, we found that the Bi-Bi cleavage plane
together with the bulk DFT calculations are more in line with
our experimental data. In Fig. 3 we show the comprehensive
characterization of the surface and bulk electronic structure of
PtBi2. The resulting band dispersion and second derivative
plots together with colored guide lines along the A-L and A-H
directions are presented in Figs. 3(a) and Figs. 3(b), respec-
tively. The corresponding band structure calculations along
two directions are displayed in Figs. 3(a3) and 3(b3) using
the same color code. Here, a renormalization factor of 1.77
has been applied. From the good qualitative agreement with
the data, we can further identify some more bulk and surface
states in the vicinity of EF , labeled by σ, η and ss1, ss2, ss3
along the A-L direction [Fig. 3(a1)]. Similarly, the bulk bands
γ and σ and surface state ss5 can be resolved along the A-H
direction in Fig. 3(b1).
Here, we note that calculated bands based on stoichiomet-
ric PtBi2 should be shifted downward by around 130 meV
to get a better match with the experiment. For example, the
Dirac point of the calculated surface states around the L point
is close to EF . However, our experiment shows that the en-
ergy of this Dirac point is actually located around − 130 meV.
This discrepancy might suggest electron doping induced by
Bi vacancies.
In Fig. 4, we show the result of photon energy dependence
measurements on the Bi-Bi termination along the Γ (A)-M (L)
direction to comprehensively study the kz dependence of the
electronic structure and thus further verify the above identifi-
cation of surface states and bulk bands. Fig. 4(a) shows the
photoemission intensity map in the Γ-M-L-A plane. Here, we
estimate all the kz values [illustrated by solid blue lines] ac-
cording to the free-electron final-state model [22], where an
inner potential of 15 eV was applied to obtain the best fit.
The surface state ss1 can be clearly resolved as a straight,
non-dispersive line extending over an entire BZ in the kz di-
rection. Variation in the photoemission intensity might result
from matrix element effects. The absence of any detectable
kz-dispersion indicates that this state is of two-dimensional
nature. This finding can be further confirmed by the photoe-
mission intensity plots along the Γ (A)-M (L) direction taken
with typical photon energies [Fig. 4(b-d)], in which the Fermi
crossings of ss1 do not show any noticeable kz dependence.
In sharp contrast, both the Fermi-surface cross sections of
the identified bulk α band and β band and the correspond-
ing Fermi crossings show evident out-of-plane energy dis-
persion, consistent with their three-dimensional nature.
These findings further confirm our identification of sur-
face states and bulk bands.
Among all the identified bulk and surface states in the vicin-
ity of EF , the marked surface state ss1 with a massless Dirac
dispersion at the boundary of the BZ naturally draws our at-
tention. To investigate details of this feature, we have per-
formed photoemission measurements along different cuts as
illustrated in Fig. 5(a). Massless linear dispersions are ob-
served along all these directions [Figs. 5(b1-b4)]. The experi-
mental Fermi velocity of this linear band is 3.39±0.4×105 m/s,
in good agreement with the calculated prediction of 3.77×105
m/s. These findings confirm the existence of the predicted sur-
face Dirac cone around the BZ boundary near EF .
Naturally, it is alluring to associate the anomalous large lin-
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FIG. 3: (Color online) (a1-a3) and (b1-b3) The photoemission inten-
sity plots, the second derivative and corresponding theoretical calcu-
lations along A-L-A and H-A-H directions, respectively. Blue spheres
are calculated surface states for a nine-unit-cell-thick (001) slab with
Bi terminations on the top surface. The size of the blue spheres scales
with the wave-function spectral weight projected to one unit cell at
the top surface with Bi termination. The calculated Fermi level has
been shifted about 130 meV upwards and the renormalization factor
is set to be 1.77. Data were taken at 10K with circularly polarized
photons of hν = 64 eV.
ear MR in PtBi2 with such a linear surface band dispersion,
in analogy to the case of topological insulators. However, we
have carefully derived the Z2 invariant ν0 for PtBi2 to evaluate
whether the observed surface state is topologically non-trivial,
similar to three-dimensional topological insulators [21]. Our
calculation proves that this surface state is topologically triv-
ial, and this massless Dirac dispersion is accidentally caused
by the band dispersion. Actually, for the Bi-Bi terminal sur-
face, the M point is located at a time-reversal-invariant point
in the 2D BZ, and the states around M are only inversion sym-
metric. Thus, once the surface band dispersion is expanded
around this high-symmetry point, there must exist the first-
order term, namely the massless linear dispersion. We note
that such Dirac dispersion around the M point is just allowed
by the lattice symmetry but not necessarily topologically pro-
tected.
Consequently, this topologically trivial surface state is not
protected by the time-reversal symmetry, and it may not sur-
vive the preparation process for transport measurements. Be-
sides, different from the topological insulators, both the bulk
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FIG. 4: (Color online) (a) The photoemission intensity of PtBi2 in
the ΓMLA plane. The photoemission intensity map integrated over
[EF - 10meV, EF + 10meV]. Different kz’s were obtained by vary-
ing the photon energy as indicated by the blue solid lines, where
an inner potential of 15eV is used to calculate kz. The energy of
right circularly-polarized photons ranges from 64 to 94 eV. (b)-(e)
The photoemission intensities along or parallel to the Γ−M direction,
taken at different photon energies.
carrier density and mobility of PtBi2 are high, and the surface
conductivity is expected to be small compared to the bulk.
Thus, we conclude that the large linear MR can not solely
caused by the quantum limit of the surface Dirac cones, which
is consistent with the transport result that the possible quan-
tum linear MR arising from the degenerate Dirac fermions in
the quantum limit is not observed up to 15 T [14, 23].
On the other hand, the classical disorder model can pro-
vide another explanation for the presence of large linear MR
in solids [12, 24]. For PtBi2, transport has shown that dMR/dB
exhibits a temperature dependence identical to that of the Hall
mobility and the dMRdB versus µ curve is fitted linear, strongly
suggesting the classical disorder origin of the large linear MR
in PtBi2. Actually, both our EPMA measurement and the dis-
crepancy between the nominal and the actual electron dop-
ing strongly suggest that there must exist a significant Bi defi-
ciency. The resulting possible inhomogeneous carrier or mo-
bility distribution would probably induce spatial fluctuations
of the local current density in both magnitude and direction,
and consequently lead to the large linear MR in PtBi2 [14].
IV. CONCLUSION
To summarize, we have comprehensively characterized the
surface and bulk electronic structure of PtBi2 using ARPES
measurements together with band structure calculations. We
have identified the Bi-Bi cleavage plane and then distin-
guished the bulk from the surface bands on the resulting
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130 meV. Dispersions crossing the Dirac point show linear features.
The grey plane represents the Fermi energy while the hexagon en-
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surface. Through careful comparison with calculations, we
demonstrate the significant electron doping in this sample,
which suggests a substantial Bi deficiency. Moreover, we have
discovered a Dirac-cone-like surface state on the boundary of
the BZ, which is identified as an accidental Dirac band with-
out topological protection. Our findings exclude the linear
band dispersion induced by the quantum limit but land sup-
port to the classical disorder model accounting for the uncon-
ventional large linear MR of PtBi2.
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